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Membrane transporters play an important role in substrate transport across the lipid bilayer, 
with B-type vitamins forming an important class of substrates. Pnu (Pyridine Nucleotide 
Uptake)  transporters are specialized in B-type vitamin transport. PnuT is involved in thiamine 
(vitamin B1) transport, PnuX in riboflavin (Vitamin B2) transport and PnuC in nicotinamide 
riboside (vitamin B3) uptake. Pnu transporters consist of two homologous domains, each 
containing three transmembrane helices, which together surround the translocation pore. 
SemiPnu proteins have been recently reported, and consist only of three transmembrane 
helices, related to the domains of full Pnu transporters. They may be an evolutionary relict, and 
could form homodimers. Here, we focus on the biochemical characterization and 
crystallization of a SemiPnu protein from Gallionella capsiferriformans (GC). Although we 
were unable to determine a substrate that could be transported by this protein, and could not 
solve a crystal structure, we managed to determine the oligomeric state of the protein, which 









The transport of small molecule substrates (such as vitamins, sugars and amino acids) into 
cells, and export of waste products, signalling molecules or components of extracellular 
matrices out of the cell, are essential properties of living organisms [1]. Membrane transporters 
play key roles in these cellular transport steps [1,2,3,4,5]. In prokaryotic and eukaryotic 
organisms, there are numerous different transporters present in the lipid bilayer [6,7,8]. In this 
chapter, I will focus on transporters found in bacteria that are responsible for uptake of B-type 
vitamins. In the past few years the structural and functional properties of transporters for B-
type vitamins have begun to emerge. Among them are Pnu (Pyridine Nucleotide Uptake) 
transporters. The Pnu name is a misnomer, and originates from the first member that was 
discovered over 30 years ago, as a potential transport system involved in uptake and utilization 
of pyridine nucleotides [9,10]. The Pnu family transporters are involved in uptake of vitamin 
B1 (Thiamine), vitamin B2 (riboflavin) and vitamin B3 (nicotinamide riboside (NR) [1,11,12]. 
The respective transporters are named as PnuT, PnuX and PnuC [1,11,12].  Pnu type 
transporters are present in various bacterial species, especially in actinomycetes, bacteroidetes, 
cyanobacteria, firmicutes, xanthomonadales and alteromonadales [1] and these proteins 
transport their vitamin substrates by a facilitative diffusion mechanism [12]. Transport is linked 
to metabolic trapping in the cytoplasm by phosphorylation [13,14]. For each vitamin, there are 
specific kinases present in the cytoplasm which regulate transport activity indirectly [14].  
 
Recently, a high-resolution crystal structure of the full length PnuC transporter (responsible for 
vitamin B3 transport) from Neisseria mucosa has been reported [2]. PnuC is a homotrimer  in 
which each protomer has a core of six transmembrane (TM) helices, which consists of two 
structurally related triple helix bundles (THB) [2].  This THB dimer is connected via an 
inversion linker helix (TM 4). TM4  is located peripherally to the six-TM core and brings the 
two three-helix bundles in parallel orientation in the membrane [1,2,15].  The pore along which 
substrate is transported is located in the center of the six-TM core [2,3,12]. In the crystal 
structure of PnuC, clear electron density representing a bound substrate molecule (nicotinamide 
riboside) was seen in center of the six-helix core of each protomer. Because substrate was not 
added during any step of purification or crystallization, this observation indicates that substrate 
was bound to the protein during the whole purification and crystallization procedure and points 
at high affinity binding [2]. The membrane topology of the PnuC protein is known as 3+1+3 
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membrane topology [2,3,5,]. When viewed from the top, the six TMs in the core have a 
sequential arrangement with TM2 positioned between TM1 and TM3, then peripheral TM 4, 
followed by a second THB, this time with TM6 positioned between TM5, TM7 [2,15].  
A similar overall domain organization has been reported in SWEET transporters. SWEET 
stands for Sugar Will Eventually Efflux Transporters, and these transporters are present in 
eukaryotes and responsible for sugar transport [3,12,16,17,18,19,20,21,22]. In both Pnu 
transporters and SWEETs, the N-terminus of TM1 is located on the extracellular side of the 
membrane while the C terminus is intracellular [2,15]. Despite the similar domain organization, 
the arrangement of the helices in the core differs between Pnu and SWEET transporters. In 
SWEETs the core helices are not arranged sequentially in structure, but TM3 is located 
between TM 1 and TM 2, and TM7 between TM5 and TM6. The differences in helical 
arrangement have been hypothesized to be a result of a 3D domain swap [15,16] that took place 
in the course of the divergent evolution of the proteins. This evolutionary hypothesis suggests 
that ancestors of the Pnu and SWEET proteins contained only 3 TMs, and would form dimers 
[1,11,15]. These proteins were named SemiSWEET and SemiPnu. SemiSWEET proteins are 
present in bacteria and responsible for sugar transport. These proteins have been structurally 
characterized, and form indeed dimers, with a helical arrangement similar to the full-length 
SWEETs (with TM3 located between TM 1 and TM 2). Sequences of SemiPnu proteins have 
also been found in databases [15], but no experimental data is available about these putative 
transporters.  In this chapter, we provide an initial biochemical study of SemiPnu proteins from 
different organisms. We conclude that SemiPnu proteins indeed form dimeric assemblies, but 
we were unable to determine substrate specificity and transport mode, nor were we able to 





The genes coding for SemiPnu proteins from Gallionella capsiferriformans (GC) Ralstonia 
metallidurans (RM), Desulfurobacterium thermolithotrophum (DT) and Pseudomonas putida 
(PP) were synthesized and purchased from Life technologies and delivered in a pMA-T vector 
(a vector without promoters and only used for cloning). All gene sequences were codon 
optimized for protein production in Escherichia coli. SemiPnu from Gallionella 
capsiferriformans  was subcloned via NcoI and Hind III restriction sites into a custom made 
p2BAD vector for protein expression[23].  
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Protein expression 
The expression plasmid was transformed into chemically competent E. coli MC1061 cells and 
the protein was produced as described for PnuC by Jaehme et al, with some modifications [2]. 
Briefly, cells were grown at 37°C, 200rpm to an OD600 of 0.07, after which cells were induced 
with 0.04% L-arabinose for another 3h at same temperature. After 3 hr of induction, cells were 
collected by centrifugation (20 min, 7,446g, 4°C), washed in wash buffer (50 mM Tris/HCl, 
pH 8.0) and suspended in the buffer A (50 mM Tris/HCl, pH 8.0, 150mM NaCl, and 10% 
glycerol). Cells were lysed by high-pressure disruption (Constant Cell Disruption System Ltd, 
UK, one passage at 25 kPsi at 5°C. After cell lysis 1 mM MgSO4, PMSF (phenylmethylsulfonyl 
fluoride) and 50–100 mg/ml DNase were added to the cells supernatants. Subsequently, the 
remaining cell debris was removed by low-speed centrifugation (20 min, 12,074g, 4°C). 
Membrane vesicles were collected by ultracentrifugation (150 min, 193,727g, 4°C) and 
suspended in buffer A to a final volume of 5 ml per 1 L of cell culture. The membrane vesicles 
were aliquoted, flash frozen in liquid nitrogen and stored at -80°C. The total protein 
concentration in the membrane vesicles was determined by Bradford Protein Assay (Bio-Rad). 
 
Protein Purification 
The SemiPnu protein from Gallionella capsiferriformans (SemiPnuGc) was purified by using 
the protocol described by Jaehme et al. with some small modifications [2]. Membrane vesicles 
were thawed rapidly and solubilised in buffer B (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10 
mM imidazole, 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM, Anatrace)) for 1 h at 4°C, 
while gently rocking. After solubilization, the unsolubilized material was removed by 
centrifugation (30 min, 442,907g, 4°C). The supernatant was incubated for 45-60 minutes at 
4°C under gently rocking with Ni2+ - sepharose resin (column volume of 0.6 ml), which had 
been equilibrated with equilibration buffer (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 15 mM 
imidazole pH 8.0). Subsequently, the suspension was poured into a 10ml disposable column 
(Bio-Rad) and the flow through was collected. The column material was washed with 20 ml of 
buffer C (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 50 mM imidazole, 0.05% DDM). The 
protein was eluted in buffer D (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 500 mM imidazole 
pH 8.0, 0.05% DDM ) in three elution fractions with volumes of 350, 750 and 650 µl 
respectively. EDTA (final concentration 1 mM) was added to the elution fractions to remove 
co-eluted Ni2+ ions. Subsequently, the second elution fraction which contained most of the 
protein (as measured by absorption at 280 nm) was purified further by size-exclusion 
chromatography using a superdex 200, 10/300 gel filtration column (GE Healthcare), 
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equilibrated with buffer E (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 0.05% DDM). After size-
exclusion chromatography, the fractions containing the protein were combined and used 
directly for further experiments. 
 
Maximum likelihood phylogeny analysis 
The evolutionary history was inferred using the Neighbour-Joining method and Maximum 
Parsimony method [24, 25]. The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (1000 replicates) are shown next to the branches [24] 
The evolutionary distances were computed using the Poisson correction method [26]. 
Evolutionary analyses were conducted in MEGA7 [27]. Along with maximum likelihood 
analysis a 3D-model for SemiPnuGc was created by Phyre 2 server [28]. This server use the 
reported PnuC protein crystal structure (PDB: 4QTN) as a reference and generates a model for 
the SemiPnuGc  protein. 
 
Multiangle laser light scattering coupled to differential refractive-index and UV-
absorbance measurements 
The oligomeric state of SemiPnuGc protein in detergent solution was determined by size-
exclusion chromatography coupled to multiangle laser light scattering and differential 
refractive index measurement (SEC-MALLS). SEC-MALLS was performed as described 
previously [29,30,31] To determine the molecular weight of the protein, the extinction 
coefficient was calculated with the ExPASy ProtParam tool [32]. 
 
Size exclusion chromatography based protein substrate interaction study 
The Ni-affinity protein purification was done in same way as described above in the protein 
purification section. The protein was first purified by Ni2+ - sepharose chromatography and 
then the sample was divided into aliquots of equal volume. Each aliquot was mixed with a 
different vitamin substrate. The vitamins were dissolved in the SEC buffer and after mixing 
with the protein, the final concentration was 10 µM. An equal volume of buffer was added in 
control sample, and all samples were incubated for 15 minutes on ice. After incubation, the 
protein was purified further by SEC. 
 
Isothermal titration calorimetry (ITC) measurements for substrate binding 
ITC measurements were conducted with an ITC200 calorimeter (MicroCal) at 25°C. All the 
substrates were dissolved in the same buffer as used for protein purification. In the syringe, the 
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final substrate concentrations were between 0.1mM and 5mM. The ligand solution was added 
stepwise into the temperature equilibrated ITC cell filled with 300µl of protein in same buffer 
and at concentrations between  10-50µM. The first ITC binding experiments started with 
0.1mM of substrate concentration in syringe and with 10µM protein concentration in the cell. 
Depending on previous ITC binding experiment results, this substrate and protein 
concentration was increased. When no binding was seen in the previous experiment, then the 
substrate concentration was increased to 5 mM in the syringe and the protein concentration to 
50µM in the cell. All these experiments were repeated twice or three times. The control 
measurements include titration of each substrate in to buffer, and also titration of just buffer in 
to protein solution. Data was analysed with the ORIGIN-based software (MicroCal). The best 
fitting curve obtained after measurements used to determine the kinetics parameters 
(dissociation constant Kd  value, stoichiometry ratio (n)). The dissociation constant (Kd) is 
defined as 1/KA,.  
 
Protein Crystallization Screening 
The initial protein crystallization trials were done with the commercial screens: MCSG -1, 
MCSG-2, MCSG-3, MCSG-4 screen (Microlytic, Burlington, Massachusetts, USA) and 
Memgold-1, Memgold-2, Morpheus-1, Morpheus-2, Mem Meso, Mem Sys, Mem Start, Midas, 
Structure-1, Structure-2 and shotgun screens (Molecular Dimensions, UK) using  the Mosquito 
crystallization robot (TPP LabTech, UK). With all these commercial screen the protein 
crystallization set up was done with sitting drop MRC 2 plates, using multiple drop ratios (1:1 
0.5:1 and 1:1.25 protein : precipitant). For SemiPnuGc  protein  crystallization setup, different 
concentration of purified protein (purified in OG detergent) was used: 3.5mg/ml, 5mg/ml, 
10mg/ml and 12mg/ml. A similar screening setup was done when SemiPnuGc was purified in 
detergents NG and DM. With SemiPnuGc, the initial set up with all these commercial screens 
were done at  4°C and 10°C. Later with similar condition in all three respective detergents,  the 
crystallization set up  was also done at a higher temperature of 16°C. Finally, protein 
crystallization was also done with a LCP (lipidic cubic phase) set up using monoolein as lipid  
as described by Caffrey M [33,34,35,36]. For LCP, SemiPnuGc was purified in the detergent 
DDM, and the final protein concentrations used were 10mg/ml and 15mg/ml. The 
crystallization set up was done using a Gryphon robot and crystallization screening plates were 





Protein sequence alignment and homology modeling: 
Five SemiPnu protein sequences were previously reported [15]. To search for additional 
SemiPnu sequences in the uniprot database (www.uniprot.org) we used the NCBI (national 
center for biotechnology information) protein BLAST server. We used the SemiPnuGc  protein 
from the organism Gallionella capsiferriformans,  which is 77 amino acids long, for  the 
BLAST analysis. A multiple sequence alignment of the identified homologues is shown in 
Figure 1. The length of the identified proteins was checked and sequences were selected that 
had a length between 72 to 120 amino acid residues, which is at most half the length of full 
Pnu proteins (for instance, PnuCNm is 238 aa in length, and PnuT (Chapter 2 in this thesis) is  
235 aa). The protein sequences were also analyzed by software that predicts the location of 
membrane helices, and the membrane topology (http://octopus.cbr.su.se/)  
(http://www.cbs.dtu.dk/services/TMHMM/). Like the previously reported five different 
SemiPnu proteins (including SemiPnuGc ) all the homologous proteins shown in Figure 1,  have 
three predicted  transmembrane helices (3-TMs) [15]. The membrane topology of SemiPnuGc 





   
 
Figure 1.  Multiple sequence alignment of SemiPnu proteins from various organisms with their uniport identifier indicated. The consensus 
sequence is shown below the alignment. The multiple sequence alignment was made using the EMBL-Clustal W server, and sequences were 









Figure 2. The membrane topology was predicted by using Octopus and TMHMM software for 
the SemiPnuGc  protein.  The software predicted three membrane helices (red bars) for the 
SemiPnuGc monomer.. Connecting loops located extra- and intracellularly and depicted in 
magenta and blue, respectively. 
The N-terminus is predicted to be located on the extracellular side and the C-terminus in the 
cytoplasm. With the identified SemiPnu protein sequences, a maximum likelihood distance 
tree was constructed (Figure 3). The reference protein sequence of Gallionella 
capsiferriformans is closest neighbor with the sequence from Gallionellales RIFOXYB12. The 
proteins from these two species are the closest neighbor of SemiPnu sequences form 
Gallionellales GWA2 and Gallionellaceae CG1. Their next closest neighbor is the 
Hydrogenophilales CG18 protein, which indicates that they shared a common ancestor before 
bifurcating and evolving their different protein sequences. It can be inferred from the tree that 
the group of SemiPnu sequences from these 5 species exhibit similarity with a group of proteins 
from four species of bacteria called Thiobacillus spp, Azospira spp, Thiotrichales spp and 
Hydrogenophilales spp. and a ground water metagenome. These two groups were bifurcated 
and separately evolved in to two directions. The presence of homologues of the reference 












































Figure 3. The evolutionary history of SemiPnus was inferred by using the Maximum 
Likelihood method. The analysis involved 121 protein sequences as mentioned in Figure 1.  All 
positions containing gaps and missing data were eliminated. The evolutionary phylogenetic 
tree analysis was conducted in MEGA7 software. The indicated star represents the strain which 
was used in this study. 
 
 
We compared the sequences of the two structurally related parts of PnuC (TM 1-3 & TM 5-7) 
with the SemiPnuGc  amino acid sequence (TM 1-3) (Figure 4). All though there is very little 
sequence conservation, we found two tryptophans (shown in green) conserved between TM-3 
of the first repeat of PnuC and TM-3 of SemiPnuGc  and between TM-6 of the second repeat 
and TM-2 of SemiPnuGc. To get more structural information on SemiPnuGc we made a 
structural homology model based on the crystal structure of PnuC protein. The model shows 
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                                      Helix - 5 (PnuCNm)                          Helix - 6 (PnuCNm)                                      Helix – 7(PnuCNm) 
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Figure 4.  Sequence alignment of PnuCNm (Neisseria mucosa) and SemiPnuGc (Gallionella capsiferriformans ) proteins. (a) Sequence alignment 
of TM1–3 and TM 5–7 of PnuCNm  with predicted TM 1-3 of SemiPnuGc. Conserved residues in the substrate binding site from PnuCNm protein 
(green and yellow) were compared with the SemiPnuGc protein sequence. Only the two tryptophans indicated in green are conserved.  The sequence 
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Figure 5. Structural homology model of SemiPnuGc protein from Gallionella Capsiferriforms 
ES-2 generated by Phyre 2 software based on the PnuC crystal structure as reference (PDB 
4QTN) (a) Top view from periplasmic side of the membrane. SemiPnuGc dimer with 
transmembrane helices marked TM-1, TM-2, TM-3 for each monomer (b) Side view from 










The SemiSWEETs are similar in size as the SemiPnu proteins, and contain around 100 amino 
acids. SemiSWEETs also contain three transmembrane helix and form homodimers. When we 
compare the protein homology model of SemiPnuGc to the Vibrio sp SemiSWEET crystal 
structure (PDB: 4QTN) the TMs arrangements are different. In the SemiPnuGc model the TMs 
are spatially arranged in a sequential way (TM 1 adjacent to TM 2, which in turn is next to TM 
3  for each monomer),  whereas in case of all  reported SemiSWEET structures the TMs are 
arranged in the order TM1-TM3-TM2.  The connecting loop between TM 1 and TM 2 is longer 
in SemiSWEETs because it has to cover a longer distance to pass by TM 3 as shown in Figure 
6ab. The structure of Vibrio sp SemiSWEET was also compared with the crystal structure of 
full length PnuCNm protein and similar differences are in loop connection and TM arrangements 



































Differences in loop connection and TM 
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Figure 6. Structural comparison of (Semi)SWEET and PnuC proteins. (a) Ribbon representation of the SemiSWEET protein dimer ((PDB: 4QNC) 
viewed from the cytoplasmic side of the membrane. The three TMs of one monomer are indicated as TM1, TM3 and TM2. (b) Topology of the 
SemiSWEET monomer (three-helix bundle). The loop connecting TM1 and TM 2 is longer than in Pnu proteins, and makes it possible for TM 3 
to be arranged in between TM1 and TM2. (c) Ribbon representation of PnuC (PDB: 4QTN), viewed from the cytoplasmic side of the membrane. 
The transmembrane helices in the two THBs are marked as TM1, TM2, TM3 and TM5, TM6 and TM7. (d) PnuC adopts a 3+1+3 transmembrane 
topology. The three-helix bundles are indicated in rectangles (TM1, TM2, TM3 are in one box and TM5, TM6 and TM7 are the next box).(e) 
Ribbon representation of full length SWEET protein (PDB: 5CTG) viewed from the cytoplasm. The different TMs are indicated as TM1, TM 3 
TM2, TM 4  and  TM 5, TM7 and TM 6. (f) The topology of full the length SWEET protein ( three-helix bundles in rectangles). 
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Oligomeric conformation study of Semi Pnu protein in detergent solution 
SemiPnuGc  from the organism Gallionella capsiferriformans was used for  determination of 
the oligomeric structure in detergent solution. The protein is 77 amino acid residues in length 
with a predicted MW 9.4 kDa. The protein was produced in E. coli, solubilized from 
membranes using the detergent DDM and purified by Ni2+ affinity and Size exclusion 
chromatography as shown in Figure 7a.  The purity of the protein preparation was assessed by 
SDS polyacryamide gel electrophoresis (Figure 7b). The peak fraction from the elution of the 
size exclusion column (indicated in Figure 7b,) was taken for further analysis by SEC-MALLS 
for oligomeric structure determination. Figure 7c shows the elution profile of the size exclusion 
chromatography analysis of this fraction using the light scattering at an angle of 90 degrees as 
detected signal. There is a main peak eluting at ~12.5 ml and a shoulder around ~11.0 ml. The 
shoulder is characteristic for this type of analysis of membrane proteins, and contains excess 
detergent micelles without protein[29,30]. The main peak contained the protein fraction, and 
was used for calculation of the Molar mass. The molecular mass obtained by SEC-MALLS 
was 18 kDa (Figure 7c).  Since the molar mass calculated from the protein sequence 
corresponds to 9.44 kDa the SEC-MALLS results shows that the SemiPnu protein is a dimer 
in detergent solution. The dimeric structure is likely important to make a translocation pore 
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Figure 7.  Size exclusion profile of SemiPnuGc with loaded SDS polyacrylamide gel for 
respective fractions, and SEC-MALLS study in detergent solution. (a) SEC profile for 
SemiPnuGc protein. (b) SDS gel of SEC-purified SemiPnuGc protein (fractions 10,11,12 













Substrate binding measurements by ITC 
We reasoned that the substrate(s) of SemiPnu proteins may be the same as those of full Pnu 
proteins. Therefore, we tested the binding of B-type vitamins to the SemiPnuGc protein from 
Gallionella capsiferriformans using isothermal titration calorimetry (ITC). ITC is a suitable 
technique for determining the dissociation constants (Kd) in nanomolar to micromolar range 
and it has been successfully used for detecting binding of small molecules or specific ligands 
to membrane protein, such as binding of nicotinamide riboside (vitamin B3), riboflavin 
(vitamin B2), and thiamine (vitamin B1) to PnuC, PnuX and PnuT, respectively [2,12]. We 
tested thiamine (vitamin B1) as substrate, and used a range of substrate and protein 
concentrations during the experiment to allow for detection of binding, but we could not get 
any signal indicating specific thiamine binding (Fig 8a). Similarly, we tested nicotinamide 
riboside (vitamin B3) as substrate but results were same, there was no binding for nicotinamide 
riboside (Fig 8b). We then tested other vitamins including riboflavin (B2), pyridoxin, biotin 
and niacin. But again, we could not measure any binding as shown in Figures 8c-f. For each 
substrate, ITC binding experiments were performed using multiple concentrations of substrate, 
but in none of the tested conditions we could observe any binding. These results indicate that 
either the SemiPnuGc  protein binds vitamin substrates with very low affinity, which could not 
be detected by the ITC method, or that the binding site is occupied by tightly bound and co-
purified ligand, or that the substrate is different than the tested vitamins. In the latter case 
identification of the substrate may be as difficult as finding a needle in a haystack.  
Because all ITC measurements with SemiPnuGc protein gave negative results, we also tested 
full-length PnuC proteins for substrate binding as positive controls. PnuC from Nesisseria 
mucosa has been shown by ITC to bind NR as substrate, which was also consistent with the 
substrate density seen in the high resolution crystal structure [2].  We now also tested NR 
binding to PnuC proteins from L.lactis and H.influenzae and found that both proteins bind NR 
with affinity in the micromolar range (KD values of 12.6µM and 8.2µM for the PnuC proteins 
from L.lactis  and H.influenzae respectively as shown in Figure 9a and 9d). The related 
substrates NMN (phosphorylated form of NR) and nicotinamide, did not bind to these two 
PnuC proteins (Figure 9bcef), showing a narrow substrate specificity, similar to what was 


































































































Figure 8: ITC measurements to detect substrate binding to the SemiPnuGc protein. panels a-f represent ITC profiles for different vitamin 
substrate, respectively thiamine (vitaminB1), nicotinamide riboside (vitamin B3), riboflavin (vitaminB2), folate(vitamin B9), biotin(vitamin B7) 
and niacin(vitamin B3). 
 

























































































Figure 9: ITC measurements to detect substrate binding to full length PnuC proteins. Panels a-c represent experiments for L.lactis PnuC with 
NR, NMN and nicotinamide respectively and  panels d-f represent ITC traces for H.influenzae  PnuC with NR, NMN and nicotinamide, 
respectively.
 e  f 
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Substrate identification by SEC profile 
As an alternative to ITC we also tested another method for substrate identification: co-
purification of tightly bound substrates during Size exclusion chromatography. We prepared 
vitamins solution and mixed them with the SemiPnuGc protein after affinity purification on the 
Ni-sepharose column. The mixture was then loaded onto the SEC column. Some vitamins (for 
instance riboflavin and folate) absorb at 410nm allowing bound substrates that co-elute with 
the protein to be detected. In this way, we hoped to find some indication about the substrates 
of the SemiPnu transporter. The elution volume from the gelfiltration column might also give 
an indication of a change in protein conformation upon substrate binding to the protein.  
We tested thiamine (vitamin B1), NR (vitamin B3), folate (vitamin B9), riboflavin (vitamin 
B2), and niacin (vitamin B3) for co-elution or protein peak shift during SEC purification. 
SemiPnuGc was purified, equally distributed in several fractions, and mixed with potential 
substrates (10 µM final vitamin concentration). The samples were incubated for 15 minutes on 
ice and then loaded one-by-one on the SEC column.  The chromatograms did not show any 
peaks with absorbance at 410 nm co-eluting with the protein peak. There were also no changes 
in elution volume of the protein peak measured at 280 nm in the presence or absence of the 


































































































































































Folate as substrate 






Figure 10. Substrate identification by SEC profile analysis. Chart, a-f show  SEC purification 
profiles of SemiPnuGc incubated with control (no vitamin mixed) thiamine, NR, folate, 
riboflavin, and niacin respectively. 
 
 
Protein Crystallization screening 
Finally, we attempted to crystallize SemiPnuGc. Since the full-length PnuC protein was 
crystallized with the tightly bound substrate NR, even though the compound was not added 
during any stage of protein purification or protein crystallization [2], we reckoned that a crystal 
structure might also provide information on the substrate of SemiPnuGc.. 
SemiPnuGc was purified successfully the different detergents shown in Table 1. For 
crystallization trials of SemiPnuGc we used the detergents NG, OG and DM in buffers of several 
different compositions indicated in Table 2. DDM was not used in these trials, as DDM is 
unlikely to be a suitable detergent for crystallization of small proteins [37].  For screening of 
crystallization conditions, protein concentrations between 3.5 and 12 mg/ml were used, and 
























Niacin as substrate 
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attempts, we did not find any protein crystals using the commercial screens available in lab (in 
total 15 screens of 96 conditions each, see methods).  
The SemiSWEET proteins, which are also small hydrophobic of around 100 amino acid in size 
[3,4,15,16], were all crystallized by the LCP (lipidic cubic phase) method, so we also tried this 
method for the SemiPnuGc protein. The conditions used for LCP crystallization of SemiPnuGc 
are shown in Table 3. Again, we did not observe any crystal formation.  
As no crystallization hits were obtained in any of the tested conditions, it seems that SemiPnuGc 
is recalcitrant towards crystallization.  We therefore initiated the expression and purification of 
related SemiPnu proteins from  Ralstonia metallidurans (RM), Desulfurobacterium 
thermolithotrophum (DT) and Pseudomonas putida (PP). However, none of these were stable 






Table 1. Detergents used for protein purification:  
 










1 DDM (n-Dodecyl- β -D-
maltopyranoside 
 
0.0087% Stable Yes (only in 
LCP) 
2 DM (n-Decyl- β -D- 
maltopyranoside 
0.087% Stable Yes 
3 NG (n-Nonyl- β -D-
glucopyranoside 
0.20% Stable Yes 
4 OG (n-Octyl- β -D-
glucopyranoside 
0.053% Stable Yes 
5 Cymal-5 0.12% Unstable No 
6 Cymal-6 0.28% Unstable No 
7 LDAO (Lauryldimethylamine-
N-oxide) 
0.023% Unstable No 
8 LMNG ( Lauryl maltose 
neopentyl glycol 
0.001 % Unstable No 
9 UDM (n-Undecyle- β -D-
maltopyranoside 
0.029% Unstable No 









Table 2. Protein crystallization set up condition with different combinations of detergents and 
buffers. 
 
 Detergent (final %) used 
for protein purification 
Purification condition (used for crystallization set up) 
1 DM (0.15%) 50mM-Tris/HCl, pH 8.0,  
150mM-NaCl  
50mM-Tris/HCl, pH 7.0  
150mM-NaCl 
2 DM (0.15%) 50mM-Hepes,  
pH 7.5  
150mM-NaCl  
50mM-Hepes, 
 pH 7.0 
150mM NaCl  
3 NG (0.4%) 50mM-Tris/HCl, pH 8.0 
150mM-NaCl 
50mM-Tris/HCl,  
pH 7.0  
150mM-NaCl  
4 NG (0.4%) 50mM-Hepes, 
 pH 7.5 
150mM-NaCl  
50mM-Hepes,  
pH 7.0  
150mM-NaCl  
5 NG (0.4%) 50mM-Mes, 
 pH 6.5 
150mM-NaCl  
50mM-Mes, 
 pH 6.0 
150mM-NaCl  






7 OG (1%) 50mM-Tris/HCl, pH 8.0,  
150mM-NaCl 
50mM-Tris/HCl,  pH 7.0  
150mM-NaCl 
8 OG (1%) 50mM-Hepes,  
pH 7.5  
150mM-NaCl 
50mM-Hepes, 
 pH 7.0 
150mM NaCl 
9 OG (1%) 50mM-Mes, 
 pH 6.5 
150mM-NaCl 
50mM-Mes, 
 pH 6.0 
150mM-NaCl 
10 OG (1%) 50mM-Na-citrate,  
pH 6.0 
150mM-NaCl 





Table 3. LCP protein crystallization conditions. 
 
 Detergent (final %) used for 
protein purification 
Purification condition (used for LCP crystallization set up) 
1 DDM (0.05%) 50mM-Tris/HCl,  
pH 8.0  
150mM-NaCl  
50mM-Tris/HCl, 
 pH 7.0  
150mM-NaCl 
2 DDM (0.05%) 50mM-Hepes, 
 pH 7.5  
NaCl 150mM 
50mM-Hepes, 
 pH 7.0  
150mM-NaCl 










Recent crystal structures have provided detailed information about the architecture of Pnu, 
SWEET and SemiSWEET proteins, substrate specificity and evolution [2]. The full length 
SWEET and Pnu transporters share a domain structure, in which two homologous bundles of 
three transmembrane helices (TMs) are connected via an additional TM, giving rise to a 3+1+3 
membrane topology. The two bundles of 3TMs form a pseudo symmetrical hexa-helical core. 
Surprisingly, the connectivity between the helices in the SWEET proteins is different from that 
of Pnu transporters. It is likely that the proteins arose via gene duplication of an ancestral gene 
coding for a 3TM bundle, which formed a 6TM homodimer. These 3TM proteins diverged into 
two branches, in which a 3D domain swap took place, leading to different connectivity between 
the helices. Finally, insertion of the linker TM (TM4) and gene fusion took place both in the 
SWEET branch and in the Pnu branch.  
3TM versions of the SWEET proteins (SemiSWEETs) are still found in nowadays organisms, 
and these proteins are well characterized. They form homodimeric assemblies with the SWEET 
connectivity.  Based on genome sequence analysis, we have also identified 3TM versions of 
the Pnu branch: SemiPnu proteins. Multiple Sequence alignment shows that these proteins do 
not have the so-called PQ-motif, which is conserved in the SemiSWEET and SWEET proteins, 
but which is absent from the Pnu transporter family. The SemiPnu proteins were shown to be 
homodimers, and the connectivity between the TMs is predicted to be identical to the full length 
Pnu transporters. SemiPnu proteins are predicted to be transporters, possibly for vitamins, as 
for the full Pnu transporters. We tried to determine substrate specificity for SemiPnuGc,  but we 
could not detect binding of any vitamin. We tested nicotinamide riboside, thiamine, riboflavin, 
niacin, folate, and biotin as possible substrates for the SemiPnuGc protein.  
Along with the SemiPnuGc protein we have also investigated the substrate specificity of the full 
length PnuC protein from two different organisms (L.lactis and H.influenzae) (Figure 9). PnuC 









In conclusion, we investigated the oligomeric conformation for the SemiPnu protein from 
Gallionella capsiferriformans in detergent solution and found it is a homodimer, which 
correlated with reported oligomeric state of SemiSWEET proteins. The dimeric state suggests 
that the SemiPnuGc protein could use a similar transport mechanism in which they might form 
a pore in membrane along the symmetry axis of the dimer to transport the substrate across the 
membrane. More detailed structural and functional insight for these transporters will help to 
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